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Peter Schnitzer and Felix Mederer

Selectively oxidized single-mode GaAs vertical-cavity suréamiting lasers (VCSEL's) are investigated
for biased 3 Gb/s and bias-free 1 Gb/s data links. Bit error raBER’s) of better thari0—!! for
pseudo-random data transmission over 4.3 km of standard 1300 ge-sitode fiber are demonstrated.
A simple mode filter is used to suppress intermodal dispersion. Gogeements of the Gigabit Ethernet
are fulfilled even for bias-free operation.

1. Introduction

Optical data links are very promising in terms of their capett increase the speed of digital networks
such as local area networks (LAN’s) and wide area networks (WAN-or continuously decreasing
transmission distances high-bit-rate optical fiber links evaiperform their copper-based competitors
with regard to cost per available bandwidth. Due to their amding properties, selectively oxidized
VCSEL's have become prospective candidates for transmittelnggh-bit-rate fiber links. Threshold
currents in the 5@A regime [1], threshold voltages close to the bandgap voltagmmbination with
high wall-plug efficiencies [2], polarization control, ambdulation bandwidths of 21.5 GHz [3] all show
the enormous potential of these laser diodes. Multimode fib&tEMinks of 500 m length at data rates
of up to 10 Gb/s biased [4] and 2.5 Gb/s bias-free [5] have ajrbadn demonstrated. All these features
in combination with geometrical advantages allowing easyéiion of one- and two-dimensional arrays
make VCSEL's highly attractive for various kinds of opticklta links such as fiber-based [6] and free-
space [7] parallel optical interconnects. Aside from few-t@@istance MMF data links, it is highly
desirable to employ VCSEL's in standard 1300 nm single-mode ®®F) lines in order to profit from
inexpensive devices for high-bit-rate networks such as tlgal@i Ethernet which is designed for data
rates of 1 Gb/s and fiber lengths of up to 550 m of&0 diameter MMF and> 3 km SMF [8].

In this work, we report on laterally oxidized GaAs VCSEL's fnased 3 Gb/s and bias-free 1 Gb/s non-
return-to-zero (NRZ) pseudo random bit sequence (PRBS) tiasiem with23! — 1 wordlength. The
BER remains belovt0~!! after transmission over 4.3 km of 1300 nm SMF and mode filtering.

2. Devicestructure

The laser structure under investigation was grown by solid-sourmlecular beam epitaxy.
The bottom distributed Bragg reflector (DBR) consists of 30.%ype Silicon doped AlAs/
Aly2Ga gAs layer pairs. The one-wavelength thick central region @imst three 8 nm thick GaAs
quantum wells embedded in Ad/Ga.5As spacer layers to provide efficient carrier confinement. The
p-type top DBR consists of 26 Carbon dope@ #Ba sAs/Alg gGay.1As layer pairs. An extra 30 nm
AlAs layer inserted in the lowest top mirror pair is selectivelydized for current confinement after wet
chemical mesa etching. In order to obtain single-mode operdtie oxidation layer is shifted towards
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the node of the standing wave pattern yielding weak indexingif®]. After oxidation a p-Ti/Pt/Au top
ring contact is deposited on top of the mesa to achieve goodcobmnitacts as well as light emission
through the top DBR. Ti/Au conducting tracks and bondpa@sdaposited on a polyimide insulation
layer. Polyimide provides a smooth planar surface, good pdssiyand improves high frequency be-
havior due to the small permittivity. Mechanically polishitige GaAs substrate down to 1n and
evaporating a Ge/Ni/Au broad area contact are final procegs.ste

3. Experiment

Fig. 1 summarizes the output characteristics of tiweactive diameter VCSEL source employed in the
transmission experiments.
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Fig. 2. Optical spectra of single-mode VCSEL with
Fig. 1. Output characteristics of laterally oxidized —10 dB widths of 0.15 and 0.3 nm for 2.6 mA biased
single-mode GaAs VCSEL. Vpop = 1.5 V and bias-freeV,, = 2 V modulation,
respectively.

Threshold current is as low as 7%@\ and threshold voltage is 1.8 V. The laser diode shows single-
mode operation up to a driving current of 5 mA. For the transmissxperiments, the laser is either
directly driven by a pattern generator at 1 Gb/s wifly = 2 V without any additional bias, or by a
bias current of 2.6 mA and 1 or 3 Gb/s PRBS wif), = 1.5 V which are combined in a bias-tee and
fed to the VCSEL source. The laser is wire bonded to an SMA soolatdp feeding lines as short as
possible. Output power is launched in a butt-coupled SMF wBh core diameter and 4.3 km length.
Although butt-coupling effectively changes the outputnairreflectivity, no time-dependent feedback
effects are introduced. The transmitted signal is passed thrawgriable attenuator and detected with
a Germanium avalanche photodiode. The preamplified bit seguis monitored with an electrical
sampling oscilloscope and analyzed with a BER detector. Therspgiwen in Fig. 2 are centered at
819 nm and 820 nm for bias-free,y = 2 V operation and 2.6 mA bias current ang,V= 1.5 V
modulation, respectively. In both cases the side-mode suppndsdarger than 35 dB and thel0 dB
spectral width is 0.15 nm for biased and 0.3 nm for bias-freeatjmer. Mode filtering is realized by
macro bending of the fiber [10]. For a fiber subjected to smaliusadends, the number of modes
decreases due to the power leakage caused by radiation of loigieg modes [11]. The used 8.3n
core diameter SMF is a two-mode fiberat 820 nm since we obtain

2
V= TﬂaNA — 3.5 (1)
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for the normalized frequency parameter [12], where- 4.15 um is the core radius and NA 0.11
is the numerical aperture. Step index fibers are single-mpde U = 2.405 and are two-mode up to
V = 3.83 [12]. Therefore, we observe both the J;Rand LR; mode after 4.3 km propagation in the
fiber as shown in Fig. 3 b). Simple mode filtering selects therladd@ R); mode displayed in Fig. 4 b).
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Fig. 3. Eye diagram a) and far field pattern b) of su- _. . '
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Fig. 5. Signal of LB; mode (solid line) and LR mode (dashed line) after 4.3 km SMF transmission.

A fiber loop with a diameter of 17 mm and 5 windings is used for enillering. This diameter has
been chosen to obtain sufficient losses of the;LfAode. The fiber mode filter can be applied either
at the fiber input or at the fiber output since no transfer of gnbegween the two modes is observed.
Mode coupling cannot be excluded in general but dependseomitro bending spectrum of the actual
fiber. The disadvantage of the coexistence of thg, ldhd he LR; modes is illustrated in the blurred
eye diagram in Fig. 3 a) and the time delayed secondary pulseglas dashed line in Fig. 5, where
the signal of a logical “one” followed by 15 logical “zeros” at@b/s after 4.3 km SMF transmission is
recorded. The solid line is the information carried by thg;LlRode while the dashed line represents the
information carried by the L mode. Mode filtering removes the dashed line in Fig. 5 and leathe
eye diagram shown in Fig. 4 a). This eye diagram is wide-opdrshows neither double lines nor any
remarkable relaxation oscillations. Fig. 6 summarizes thdteestithe BER measurements. Solid and
open circles denote 1 Gb/s biased back-to-back (BTB) testidglé8 km SMF transmission, solid and
open squares denote 1 Gb/s bias-free back-to-back testing&kth4MF transmission, and solid and
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open triangles represent 3 Gb/s back-to-back testing andrd.SMF transmission, respectively. The
received optical powers for biased and bias-free back-té-testing for a BER ol0~!! are—25.8 dBm
and—24.5 dBm while the corresponding power penalties for 4.3 km SMRdnaission are 2.8 dB and
2.5 dB, respectively. The on-off ratio for biased operatioatieut 17 dB. For biased 3 Gb/s modulation
the received optical power for back-to-back testing- 22 dBm and the power penalty for 4.3 km SMF
transmission is 2.1 dB.
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Fig. 6. Bit error rates witl23! — 1 wordlength for various combinations of bit rate and modulation scheah
for back-to-back (BTB) and 4.3 km SMF transmission.

4. Summary & Conclusion

In summary, we have demonstrated 3 Gb/s biased and 1 Gb/s e@s¥re 1 PRBS signal data trans-
mission with 820 nm single-mode VCSEL over an inherently twadatbstandard SMF line of 4.3 km
length. A BER of better tham0~!! has been achieved and the power penalty for 4.3 km transmission
is about 2.1 dB for 3 Gb/s biased and 2.5 dB for 1 Gb/s bias-fregufation. The investigated GaAs
VCSEL is able to fulfill the requirements for the Gigabit Ethet using existing 1300 nm SMF even for
bias-free operation. The single-mode VCSEL produces néigigihromatic and waveguide dispersion
over the given distance due to the extremely narrow emissiewidth. However, fiber transmission
produces modal dispersion which is suppressed by applying simpdie fiitering and thus does not
affect BER characteristics. The results show that the singleei&ISEL'’s in combination with mode
filtering are well suited for high-bit-rate data transmissiorroseveral kilometers distance indicating
simple ways for upgrading existing fiber links for extended @lamgth or bit rate operation.
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